Single crystals of the modification Ge(tP12) are prepared by compressing semiconductor-grade germanium to pressures above 11(1) GPa and heating to temperatures between 1200(100) and 1500(150) K before a stepwise cooling precedes a complete pressure release. The tetragonal crystal structure of Ge(tP12) is refined by means of single crystal X-ray diffraction data collected at ambient conditions (a = 592.81(2), c = 698.03(3) pm, space group P4 3 2 1 2). The atomic arrangement comprising interconnected spiral chains of fourfold symmetry bears a structural similarity to the high-pressure modification S(tI16). High-pressure ambient-temperature powder X-ray diffraction measurements reveal a significant anisotropy of the compressibility compatible with the selected crystal structure description. The determined bulk modulus of Ge(tP12) amounts to 70(1) GPa which is in good agreement with theoretical calculations and similar to experimental values of other four-coordinated germanium allotropes. Ge(tP12) is a diamagnetic semiconductor with χ 0 = −3.1(3) · 10 −7 emu g −1 and ρ 300 K ≈ 6 Ω m at 300 K. At 10.1(3) GPa, the beginning of the formation of Ge(tI4) indicates the onset of a structural transition. The two-phase region extends up to a maximum pressure of 13.0(5) GPa in the direction of increasing pressures. Upon stepwise decompression, the phase Ge(tP12) is reformed from Ge(tI4) at 9(1) GPa.
Introduction
Binary high-pressure phases of silicon and germanium with alkaline-earth and rare-earth metals are intensely investigated in the context of four-bonded networks and potential thermoelectric materials [1 -6] . Some products featuring an excess of elemental germanium contain metastable Ge(tP12) after hightemperature high-pressure treatment. The modification, also labelled as Ge-III or Ge-st12, was synthesized for the first time by decompression of germanium from 12 GPa to ambient conditions [7] . In situ Raman experiments have provided evidence of a formation directly from the β -Sn-type phase [8, 9] . A later report states that the transformation may be achieved by application of much lower pressures, e. g., 2.5 GPa when the duration time is increased to about three weeks [10] , but a subsequent in situ re-examination could not reproduce these results [11] . The initial crys-0932-0776 / 08 / 0600-0608 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tal structure solution by trial and error is based on powder X-ray diffraction intensities [12] .
We report here crystal growth and structure refinement of Ge(tP12). The atomic arrangement is discussed with regard to the recently described chain structure of the sulfur modification S(tI16) [13] . The presence of one-dimensional building units in Ge(tP12) is experimentally evidenced by the anisotropic lattice parameter changes at high pressures.
Experimental Section
Ge(tP12) crystals were prepared by treatment of the starting material Ge(cF8) (Chempur 99.9999 %) at pressures above 11 GPa and at temperatures between 1200(100) and 1500(150) K. This compression was followed by a temperature decrease to 600(50) K within 30 min, holding at this temperature for typically 1 h before cooling to ambient temperature. Afterwards, pressure was completely released within typically 10 h. For force redistribution and pressure generation a Walker-type multi-anvil module was used [14] to compress octahedra manufactured from MgO with 5 % Cr 2 O 3 and with edge lengths of 14 or 18 mm. Heating was performed by means of graphite elements with cylindrical shape. As crucible material, hexagonal boron nitride was found to be suitable. Samples were removed easily from the container, evidencing indirectly that no reactions between the crucible and germanium took place. The observed singlecrystal formation is assigned to the higher synthesis temperature in comparison to earlier experiments and to the applied temperature ramp of the present study. Powdered samples of the transformation product are dull grey while larger crystalline particles exhibit a shiny silvery lustre. The material is brittle and appears to be stable in air as indicated by powder X-ray diffraction measurements on a sample which was exposed to air at ambient conditions for a time period of about six months. Attempts to induce the transformation into Ge(tP12) at lower pressures were not successful. Whether this is due to the reduced shear stress in the employed set-up or the shorter annealing time remains to be investigated.
For single crystal measurements, crystalline pieces of Ge(tP12) were isolated from ingots and fixed with twocomponent glue to glass fibres. Details of the diffractometer measurements are summarized in Table 1 . Refinement of the single-crystal X-ray diffraction intensities was done with SHELXL-97 [15] and visualizations of the crystal structures by means of DIAMOND [16] .
Sample characterization was performed by powder X-ray diffraction with a Guinier setup (Huber camera G670 with imaging plate detector, CuK α1 radiation, λ = 154.056 pm, 5 • ≤ 2θ ≤ 100 • ). Lattice parameters were obtained by a least-squares refinement of 54 reflections using LaB 6 (NIST, a = 415.692 pm) as an internal standard. The calculated metric was used in the final runs of the structure refinement, for calculations of interatomic distances and as a zero-point basis for analyzing the pressure-induced metrical changes.
For powder X-ray diffraction at high pressures, samples were milled into fine grains by manual grinding in an agate mortar. Appropriate amounts of the powders were placed in steel gaskets using a 4 : 1 methanol/ethanol mixture as pressure-transmitting medium. The diamond anvil cells for generating high pressures had cullet sizes of typically 0.4 mm with initial diameters of the gasket holes corresponding to 0.125 mm. Pressures between ambient and 15.3 GPa were determined by the ruby luminescence method [17] . Powder X-ray diffraction measurements were performed at the undulator beamline ID09A of the European Synchrotron Radiation Facility (ESRF, Grenoble). A bent Si(111) monochromator was used to select a radiation of λ = 41.3 pm from the white beam. During the exposures samples were oscillated by ±3 • in order to enhance powder statistics. Intensity recording was performed with an imaging plate which was positioned at a distance of approximately 450 mm from the sample in order to use the full resolution of the instrument. For calibration of wavelength and the distance between detector and sample we used a standard silicon sample, Si(cF8). Integration of the two-dimensional X-ray diffraction intensities was performed with the FIT2D software [18] . Before refining the intensity data, background caused by Compton scattering of the diamonds was subtracted. X-Ray diffraction profiles were simulated using a modified Lorenz function as implemented in the program package FULL-PROF [19] . In order to reduce the number of parameters to be refined, the atomic displacement was described in an isotropic approximation with U iso fixed to 64 pm 2 (B iso = 0.5Å 2 ) for all atoms. In the region in which Ge(tP12) and Ge(tI4) were coexisting, structural parameters remained fixed and only lattice parameters were refined. The powders of β -tin-type Ge(tI4) showed strong preferred orientation along the [001] direction. In the intensity calculations, the effect of texture was accounted for by using a MarchDollase function. Atom positions and lattice parameters as resulting from refinements using powder X-ray diffraction data are summarized in Table 2 . Table 2 . Refined lattice parameters and atomic positions of the germanium allotropes Ge(tP12) and Ge(tI4) at elevated pressures. The e. s. d.'s of the determined positional parameters of Ge(tP12) are typically 0.001 -0.002 and for the pressure approximately 0.1 GPa. In Ge(tP12), Ge1 is located on 4a (x, x, 0) and Ge2 on 8b (x, y, z). In Ge(tI4), atoms occupy the position 4a (0, 0, 0) (origin choice 1). Magnetization at external fields between 20 Oe and 70 kOe in the temperature range from 1.8 to 400 K was measured in a SQUID magnetometer (MPMS XL-7, Quantum Design) on a polycrystalline sample (mass m = 87 mg). The electrical resistivity was determined by a dc four-point method in the range between 4 and 320 K. Due to the uncertainty of the geometry of the electrical connection to the sample and the non-ohmic character of the contacts the inaccuracy of the absolute resistivity is estimated to be up to 50 %, especially at the highest resistances at low temperatures. Table 4 . Interatomic distances (pm) and angles (deg) in Ge(tP12) at ambient conditions (single-crystal structure refinement). Bond lengths of the first crystal-structure determination [12] correspond to 248(4), 249(4), and 249(5) pm, respectively.
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In the crystal structure of Ge(tP12), germanium atoms are located on two crystallographically different sites of the chiral space group P4 3 2 1 2: the general position 8b (Ge2) and the special site 4a (Ge1). At ambient conditions, the refined atomic positions (Table 3) are in good agreement with the earlier values estimated from X-ray powder diffraction data [12] . However, the bond lengths calculated in the present study (Table 4 ) bear a significantly improved precision due to applying positional parameters refined by means of single-crystal X-ray diffraction intensities with lattice parameters determined from X-ray powder diffraction using an internal standard. As a consequence of the selected procedure, and in contrast to the first determination, the elongation of interatomic distances ranging from 248.07 (8) to 250.53 (6) pm is significant with respect to diamond-type Ge(cF8) adopting a d(Ge−Ge) of 245 pm at ambient conditions [20] . The refined values for the bond angles fully confirm the marked deviation of the four-coordinated germanium atoms from tetrahedral symmetry. However, the absolute structure resulting from the refinement is considered too poor to warrant publication since the Flack parameter is unstable [21] .
In accordance with the first structure solution, the spatial organization of the crystal structure can be depicted as comprising spiral chains of Ge2 atoms ar- [22] . The similarity to the crystal structure of Ge(tP12) is emphasized by marking the fourfold chains in black, and indicating the interconnecting tetrahedra by white lines and grey faces. ranged around the 4 3 screw axis. Four neighboring chains are interconnected to a 3D network by Ge1 atoms (Fig. 2) . The pronounced anisotropy of the pressure-induced lattice parameter changes (Table 5 and Fig. 1) is consistent with the presence of lowdimensional building units in the crystal structure. The structure motif has a binary counterpart in the SiO 2 modification Keatite (Fig. 3, [22] ) with silicon atoms occupying the germanium positions [12] . However, we note here the structural similarity of Ge(tP12) to a recently determined high-pressure chain structure of sulfur, S(tI16), adopting space group I4 1 /acd. This modification of sulfur comprises alternating sequences of chains arranged around 4 1 and 4 3 screw axes, respec- tively [13] . Despite differences in the spatial arrangement of the spiral chains around the 4 3 screw axis, Ge(tP12) can be described as a related defect variety in which the one-dimensional building units formed by Ge2 are linked by Ge1 atoms (Fig. 4) . The multiplicity of the Ge1 position amounts to only half of that of the Ge2 site so that the number of atoms in the unit cell is reduced from sixteen in S(tI16) to twelve in Ge(tP12).
The high-field magnetic susceptibility χ(T ) = M/H of Ge(tP12) is negative (diamagnetic) in the measured temperature range. After taking into account minor para-and ferromagnetic impurities (by a Curie term and by the extrapolation of χ vs. 1/H to 1/H = 0, respectively) a value of χ 0 = −3.1(3) · 10 −7 emu g −1 is calculated (Fig. 5a ). In comparison with Ge(cF8) (χ 0 = −1.06 ·10 −7 emu g −1 [20] ) and Ge(cF136) (χ 0 = −3.1(2) · 10 −7 emu g −1 [23] ), Ge(tP12) is surprisingly strongly diamagnetic. In lower fields no anomalous signals were detected. The resistivity ρ(T ) of Ge(tP12) is measured in the temperature range 140 to 300 K (Fig. 5b) and shows a thermally activated behavior with a value ρ 300 K ≈ 6 Ω m at 300 K and an estimated lower limit of the energy gap of 0.35 eV (from a fit in the temperature range 285 to 320 K). This estimated value of the energy gap may be reduced with Table 5 . Bulk moduli of lattice parameters a, c and volume V as determined by least-squares fits of Murnaghan-type equations of state [24] to the experimental data.
respect to the fundamental band gap due to defects and impurities. Application of pressures below 10.1(3) GPa induces a continuous compression of Ge(tP12) described by B 0 = 70(1) and B 0 = 3.0(3) GPa when fitting a Murnaghan-type equation of state [24] to the experimental data (Table 5 ). The fitted bulk modulus B 0 differs significantly from B 0 = 102(5) GPa determined in an earlier investigation [25] . Regarding this pronounced difference, we point out that the homogeneity of the present sample and the accurate measurement of the high-pressure data are evidenced by the result that the extrapolated V 0 of the high-pressure data corresponds within experimental error of the experimentally determined value at ambient conditions. Moreover, the values of B 0 = 66 GPa [26] and 73 GPa [27] calculated from quantum mechanical computations are in excellent agreement with the recent experimental result. The Fig. 6 . Interatomic distances in Ge(tP12) and Ge(tI4) at different pressures. The scattering of data at pressures around 10 GPa is attributed to the solidification of the liquid pressure medium and the onset of the structural phase transition. The error bars of the ambient pressure data refer to literature data [8] .
determined quantity is similar to that of other fourbonded germanium modifications like Ge(cF8) with B 0 = 75 [28] , Ge(cF136) with B 0 = 76 (6) or Ge(hR8) with B 0 = 73(3) GPa [29] .
The compression leads to a clearly anisotropic change of lattice parameters (see Fig. 1 ) which reflects the spatial organization of the atoms in the crystal structure. The metrical anisotropy is not immediately visible in the changes of the interatomic distances (Fig. 6 ) since the orientation of the interatomic bonds has components in both the less and the more compressible directions of the atomic arrangement. The abrupt increase of bond lengths associated with the structural change into the denser modification Ge(tI4) is in full agreement with the empirical pressure-distance paradoxon.
At pressures above 10.1(3) GPa, the appearance of new diffraction lines indicates the onset of a structural transformation of Ge(tP12) into the β -Sn-type modification Ge(tI4). The two-phase region extends up to 13.3(5) GPa. Diffraction patterns of the modifi- cations are shown in Fig. 7 . Upon stepwise decrease of pressure, the first diffraction lines of Ge(tP12) reappear at 9(1) GPa. Further release to pressures between 7 and 5 GPa results in patterns which contain no less than four different germanium modifications: Ge(tI4), Ge(tP12), Ge(cF8) and Ge(hR8). The coexistence of the allotropes is compatible with the small energy differences of the germanium modifications as calculated in quantum theoretical computations [30] . In an earlier study, formation of yet another allotrope, Ge(cI16), has been reported upon rapid decompression within less than a second [31] . The observation of a large number of competing phases is an impressive direct experimental evidence for the kinetic control of the pressure-induced phase transition of germanium at ambient temperature.
